Alterations of the dopaminergic system are associated with the cognitive and functional dysfunctions that characterize complex neuropsychiatric disorders. We modeled a dysfunctional dopaminergic system using mice with targeted ablation of dopamine (DA) D2 autoreceptors in mesencephalic dopaminergic neurons. Loss of D2 autoreceptors abolishes D2-mediated control of DA synthesis and release. Here, we show that this mutation leads to a profound alteration of the genomic landscape of neurons receiving dopaminergic afferents at distal sites, specifically in the prefrontal cortex. Indeed, we observed a remarkable downregulation of gene expression in this area of~2000 genes, which involves a widespread increase in the histone repressive mark H3K9me2/3. This reprogramming process is coupled to psychotic-like behaviors in the mutant mice. Importantly, chronic treatment with a DA agonist can revert the genomic phenotype. Thus, cortical neurons undergo a profound epigenetic reprogramming in response to dysfunctional D2 autoreceptor signaling leading to altered DA levels, a process that may underlie a number of neuropsychiatric disorders. ## P o0.01), and for NR4A2, genotype (F (1,19) = 4.42; P = 0.0490) and treatment effect (F (1,19) = 11.33; P = 0.0032) (Student's t-test: **Po 0.01, ## P o0.01).
INTRODUCTION
Epigenetic reprogramming is at the heart of cellular differentiation. 1 Critical control by chromatin remodeling occurs also in fully differentiated neurons upon pharmacologic and behavioral challenges. 2 However, how defective neuronal circuits impinge on the specificity and extent of epigenetic programs has not been fully elucidated. Dysfunctions of dopamine (DA) transmission have been causally linked to cognitive and functional impairments of a number of neuropsychiatric disorders, such as schizophrenia. Indeed, the DA hypothesis of schizophrenia is one of the most credited hypotheses for the genesis of this disorder, based also on the therapeutic benefits of DA antagonists in patients. [3] [4] [5] [6] [7] [8] [9] [10] [11] DA release is strictly regulated by convergent signaling from different neurotransmitters 12 on dopaminergic neurons, as well as by proteins involved in the presynaptic control of this function. The DA D2 receptor (D2R) is responsible for inhibiting the synthesis and release of DA from dopaminergic neurons, acting as an autoreceptor. 13, 14 Recently, we generated site-specific knockout mice, lacking D2R selectively from dopaminergic neurons (hereafter referred as DA-D2RKO). 15 These mice allow addressing in vivo the consequences of D2 autoreceptor deficiency. As expected, these mice are characterized by loss of inhibition of DA synthesis and altered DA release; electrochemical analyses showed diminished DA release after single or multiple pulses. 15 Nevertheless, when DA-D2RKO mice are given cocaine, which blocks the DA transporter inhibiting DA reuptake, these mice have a much heightened motor response to the drug indicating increased levels of DA in the striatum. Thus, absence of D2 autoreceptors eliminates the D2R-mediated cell-autonomous control of DA levels both in normal conditions and in response to stimuli. 15 In the present study, we used these mice to model a dysfunctional DA system where to analyze the consequences of altered DA levels on areas receiving dopaminergic fibers at the molecular and behavioral levels. With this purpose, we focused on areas involved in neuropsychiatric disorders, the prefrontal cortex (PFC) and striatum. Our study reveals that dysfunctional control of DA synthesis and release results in an unexpected reprogramming of gene expression in the PFC linked to epigenetic modifications of chromatin accompanied by cognitive and behavioral deficits. These studies highlight the critical role of proper DA signaling in the cortex and suggest that, in some cases, neuropsychiatric disorders might arise from dysfunctional neurotransmission.
MATERIALS AND METHODS
Detailed descriptions are found in Supplementary Methods (SM).
Animals and treatments
DA-D2RKO 15 and wild-type (WT) littermates were housed under standard conditions (12 h light/dark cycles) with food and water ad libitum. All experiments were performed using 8-to 12-week-old mice (unless otherwise specified) in accordance to the Institutional Animal Care and Use Committee of the University of California Irvine, National Institute of Health and institutional guidelines. Clozapine (Sigma, St Louis, MO, USA) was dissolved in 0.1N HCl and then diluted in 0.9% NaCl (adjusted to pH 7), and 3 mg kg − 1 were administered (i.p.) for 21 days. Quinpirole (Sigma) in 0.9% NaCl was injected (i.p.) at 0.2 mg kg − 1 for 15 days. Amphetamine (Sigma) in 0.9% NaCl was administered (i.p.) at 1 and 3 mg kg − 1 .
Brains were quickly extracted, placed on ice and tissue punches for RNA, mass spectrometry (MS) and western analyses were obtained from 1 mm slices of the PFC (bregma 3.5-2.5 mm) and striatum (bregma 1.5-0.5 mm) using a coronal brain matrix (Harvard apparatus for adult mice~30 g). Nissl staining of brain sections are described in SM.
RNA preparation and microarray experiments
Total RNA was extracted using mini RNeasy Kit (Qiagen, Valencia, CA, USA). cDNAs were obtained from 100 ng of total RNA per sample (GeneChip cDNA synthesis Kit; Affymetrix, Santa Clara, CA, USA) and hybridized to Mogene (Affymetrix 'MoGene 1.0 ST') by DNA Microarray Core Facility (UCI). Four (PFC) and three (ventral striatum, vStr) microarrays per genotype were used. Normalization and analysis were performed using Partek Genomics Suite software (St Louis, MO, USA), Genecodis software (Madrid, Spain) and DAVID (Frederick, MD, USA) (see SM).
qRT-PCR
Total RNA was extracted with TRIzol and cDNAs prepared using M-MLV Kit (Invitrogen, Carlsbad, CA, USA). In all, 25-50 ng cDNA per sample was used and PCR was performed with iQSYBR Green Supermix (Bio-Rad, Hercules, CA, USA) using the following settings: 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 45 s. See SM for primer sequences.
Western blot analyses
Frozen tissue punches of the relevant regions were homogenized and boiled in 1% sodium dodecyl sulfate. For clozapine and quinpirole treatments, tissues were obtained 24 h after the last injection. Extracts (50 μg) were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto membranes. Antibodies used were as follows: anti-H3K9me2 (1:5000) and anti-H3K9me3 (1:1000) from Active Motif (Carlsbad, CA, USA); anti-H3K4me3 (1:1000) and anti-H3 (1:1000) from Abcam (Cambridge, MA, USA); anti-GAPDH (1:20,000) from Millipore (Billerica, MA, USA); anti-Akt1 (1:1000) from Cell Signaling (Danvers, MA, USA); and anti-NR4A2 (1:1000) from Antibody Verify (Las Vegas, NV, USA). Secondary anti-rabbit and/or anti-mouse antibodies (1:5000) were from Millipore. Western blots were revealed using ECL Plus (GE Healthcare, Pittsburgh, PA, USA or Westdura, Pierce, Rockford, IL, USA). Quantifications were performed using the NIH ImageJ (version 1.42q) software (Bethesda, MD, USA).
MS analyses
PFCs and striatal punches from WT and DA-D2RKO mice were used for MS analyses of histone modifications (n = 4/5 per genotype per area) performed as described previously 16 (see SM).
Immunohistochemical analyses
Immunostainings were performed as described in SM on 10 μm coronal brain sections using rabbit anti-H3K9me3 (1:500; Active Motif), mouse anti-GAD67 (1:500; Abcam) and mouse anti-NeuN (1:500; Millipore) antibodies, followed by anti-rabbit CY3 (1:500; Jackson Laboratories, Sacramento, CA, USA) or anti-mouse Alexa-488 (1:800; Jackson Laboratories) or anti-mouse Alexa-546 (1:500; Jackson Laboratories) antibodies. Nuclei were counterstained with Draq5 (1:500; Enzo Life Science, Farmingdale, NY, USA). Images were taken at the confocal (DMRE; SP5 Leica, Buffalo Grove, IL, USA) and quantified using LAS AF (Leica) in three regions of interest of 145 × 145 μm 2 per image (in Figure 2f 
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) experiments were performed as described previously. 17 PFC and Str punches from six mice per genotype were pooled and DNA sheered by sonication (five times, 30 s (40% power) every 30 s). Five microliters of anti-H3K9me3 or anti-IgG antibodies per sample were used. Recovered DNA was subjected to quantitative reverse transcriptase-PCR (qRT-PCR) (98°C for 3 min, 40 cycles at 98°C for 30 s and 60°C for 60 s). See SM for primer sequences.
Behavioral experiments
Acoustic startle reflex and prepulse inhibition. Acoustic startle reflex and prepulse inhibition (PPI) were performed as described previously 18, 19 on independent mouse groups (see SM).
Motor activity. Mice were habituated for 2 h to a novel home cage, and then administered either saline or amphetamine at 1 or 3 mg kg − 1 (i.p.), and the activity was recorded for 1h. Mice injected with either saline or clozapine (3 mg kg − 1 ) were analyzed in the open field (a white square box of 30 × 30 cm 2 ; 70 lx) and their motor activity analyzed for 15 min (Supplementary Figure 5 ) at 24 h after the last injection. The activity was recorded by a video-tracking system (Viewpoint, Lyon, France).
Radial maze. The 8-arm radial maze test was performed to investigate both spatial and working memory exactly as described. 20 Time to complete the task, working memory errors (re-entry into a previously visited arm) and reference memory errors (entry into an arm without bait) were recorded and scored for 15 days after 6 days of acquisition.
Statistical analyses. Statistical analyses for microarrays were performed as described in Supplementary Methods section. For western blot, immunohistochemical, qRT-PCR and ChIP experiments, statistical comparisons were performed using Prism 3.0 (GraphPad, San Diego, CA, USA) or SPSS 19 softwares (IBM, Armonk, NY, USA) and consisted of t-tests, one-way, twoway or two-way with repeated-measures analyses of variance as indicated, followed by appropriate post hoc analyses. For behavioral experiments, acoustic startle reflex, PPI and radial maze values were corrected by the Mauchly's test if sphericity was violated.
RESULTS

Distinct gene expression profiles in the PFC and striatum of DA-D2RKO mice
To elucidate the impact of a defective DA signaling on gene expression, we performed unbiased microarray profiling on two areas targeted by the DA mesolimbic pathway, the PFC and vStr. Strikingly, analysis of the PFC of DA-D2RKO revealed a robust, widespread downregulation of gene expression ( Figure 1a ) (1930 genes ( Supplementary Table 1 ), Po0.05, 8.6% of the total transcripts, of which 1809 genes annotated) as compared with WT ( Figure 1b ), whereas the expression of only two genes (o0.009% of transcripts) was upregulated ( Supplementary Table 1 ). By contrast, analyses of the vStr revealed a total of 132 genes differentially expressed between DA-D2RKO and WT mice (Figure 1b , Supplementary Figure 1a and Supplementary Table 2 ). Among these, only 20 genes were downregulated ( Supplementary Figure 1b ) in DA-D2RKO versus WT vStr, with a negligible overlap between downregulated genes expressed in both areas (Supplementary Figure  1b ). The expression of 112 genes was instead upregulated in the vStr (Po0.05) (Supplementary Table 2 ). Gene ontology analyses of genes differentially expressed in DA-D2RKO PFC revealed that a preponderant number is involved in the regulation of transcription (240 genes; P = 1.8 E − 47 ); importantly, among these genes, 15% participate in chromatin remodeling (Figure 1c and Supplementary  Table 3 ). In contrast, gene ontology analyses of the DA-D2RKO vStr identified 15 differentially expressed genes (P = 0.042) involved in the regulation of transcription, but none in chromatin remodeling ( Supplementary Figure 1c and Supplementary Table 4 ). Pathway comparisons between PFC and vStr of DA-D2RKO mice showed virtual absence of common alterations in specific pathways ( Supplementary Figure 2 and Supplementary Tables 3). These results demonstrate that ablation of D2 autoreceptors in DAergic neurons generates site-specific modifications of gene expression in the areas targeted by the mesolimbic pathway.
Extensive epigenetic reprogramming in the PFC of DA-D2RKO mice Transcript downregulation in the PFC was confirmed for a number of randomly selected genes ( Supplementary Table 5 ). To dissect the molecular mechanisms underlying such widespread effects on gene expression, we analyzed posttranslational histone modifications. 1, [21] [22] [23] H3K9me2/3 (ref. 24 ) is a well-characterized repressive mark, with dimethylated (H3K9me2) or trimethylated (H3K9me3) modifications enriched in heterochromatic portions of the genome. 25 Western blot analyses of PFC and vStr revealed a significant increase of both H3K9me2 and H3K9me3, especially in the PFC of DA-D2RKO mice as compared with WT littermates (Figures 2a and b) , but not in the striatum (Figures 2a and c) ; H3K4me3 and H3K27me3 were unmodified in both regions (Figures 2a and c) . To unequivocally confirm these results, we performed quantitative MS using extracts from the PFC and striatum of DA-D2RKO and WT mice. Interestingly, while the striatum of DA-D2RKO mice showed only a slight increase of H3K9me2/3 as compared with WT samples in MS analyses, we observed a robust increase of H3K9me2/3 specific to the PFC of DA-D2RKO mice as compared with WT PFCs or to the striatum of WT and mutant mice (Figure 2d and Supplementary Figure 3) .
Immunofluorescence analyses using H3K9me3 antibodies supported these findings showing a 20% increase in the overall intensity of H3K9me3 labeling in PFC brain sections of DA-D2RKO mice (Figures 2e and f) , with a more sustained increase in deep layers (V and VI) (Figure 2e (inset) and Supplementary Figure 4a ). Double immunofluorescence analyses using the neuronal markers NeuN (Supplementary Figure 4b ) or GAD67 to label interneurons ( Supplementary Figure 4c) showed that the increased H3K9me3 staining is localized in NeuN + neurons of DA-D2RKO PFC. Importantly, similar neuronal density was found in the PFC of WT and DA-D2RKO mice ( Supplementary Figure 4d ).
Silencing histone modifications associated with genes involved in psychiatric disorders
Analyses of functions of genes downregulated in the PFC (Ingenuity IPA software, Redwood City, CA, USA) revealed the prominent presence of 48 genes previously involved in neurologic/psychiatric disorders (Po 10 − 13 ) in the DA-D2RKO mice, including 36 genes directly implicated in schizophrenia (Supplementary Table 6 ). Among these, we selected two genes, Nr4a2 (with highest differential expression from WT; 1.5-fold) and Akt1 (with the lowest differential expression from WT; 1.2-fold) to link the changes in gene expression to chromatin remodeling. These genes were also favored among others because reduced expression of both has been associated with DA-related disorders. 26, 27 Their expression profile (together with that of other randomly selected genes; Supplementary Table 5 ) confirmed the microarray data, with a decrease of mRNA expression for both genes in the DA-D2RKO PFC as compared with WT ( Figure 3a) . In contrast to the PFC, comparison of Nr4a2 and Akt1 expression patterns in the striatum of DA-D2RKO and WT mice showed increased Nr4a2 expression ( Figure 3b (Figure 3c ). In the striatum, H3K9me3 ChIPs showed either reduced (Nr4a2) or similar enrichments (Akt1) of their promoters in DA-D2RKO as compared with WT samples (Figure 3d ), mirroring mRNA expression ( Figure 3b) . A corresponding reduction in the protein levels of NR4A2 and AKT1 was found in PFC protein extracts from DA-D2RKO mice (Figure 3e ). Immunofluorescence analyses showed that increased H3K9me3 in the PFC is not present at birth, but it appears postnatally, becomes significant by the 4th week after birth and persists into adulthood (Figure 3f ).
Psychotic-like behaviors in DA-D2RKO mice
The PFC-specific widespread epigenetic reprogramming and the newly acquired gene expression profile of the mutant mice prompted us to test DA-D2RKO mice in paradigms associated with psychotic-like behaviors. 28 Hyperactivity in a novel environment and heightened response to the motor effect of amphetamines have been used to model psychotic behaviors, 28, 29 DA-D2RKO mice show both phenotypes; indeed, they are hyperactive in a novel environment, 15 and display an increased motor reactivity to amphetamine administration ( Supplementary Figure 5a) . Interestingly, hyperactivity in a novel environment can be reversed by the administration of clozapine, 30 an atypical antipsychotic ( Supplementary Figure 5b) .
We then evaluated the sensorimotor gating of DA-D2RKO mice by testing the startle reflex and PPI in comparison with WT mice. PPI is normally impaired in animal models of psychosis. 29 DA-D2RKO mice exposed to pulses of different intensities showed a significantly amplified startle reflex to high pulse intensities as compared with WT controls (Figure 4a ). Importantly, they also showed a significant reduction of PPI as compared with WT mice to the lowest startle-eliciting pulse (Figure 4b) . PFC-dependent disorders are characterized by deficits of working memory. 31, 32 Thus, DA-D2RKO and WT mice were tested in the radial maze. 20 Statistical analyses showed that DA-D2RKO mice had an impaired working memory (Figures 4c and d) but a normal reference memory in this test as compared with WT littermates (Figure 4e) . Altogether, these studies show that subtle modifications of DA signaling (ablation of D2 autoreceptors) cause PFC-specific cellular and behavioral impairments.
Quinpirole, a D2R agonist, reverts epigenetic silencing Our previous studies using DA-D2RKO mice showed a dual regulation of DA release orchestrated by D2 autoreceptors and by postsynaptic D2R-mediated inhibitory feedbacks on DA neurons. 15 We thus analyzed whether chronic postsynaptic D2R stimulation might reverse the cellular phenotype of DA-D2RKO mice. Accordingly, DA-D2RKO mice were treated daily for 2 weeks with the D2R agonist quinpirole. Interestingly, in these conditions, we observed a reversal of the PFC H3K9me3 to WT levels (Figure 5a ); in agreement with these data, analyses performed at the mRNA level by qRT-PCR showed that quinpirole re-established the expression levels of selected differentially expressed genes (Supplementary Table 5 ) in DA-D2RKO PFCs (Supplementary Figure 6 ) to WT levels. Concomitant to the effect of quinpirole on H3K9me3 levels in DA-D2RKO PFC, we found restored expression of AKT1 and NR4A2 proteins to WT levels (Figures 5c . A significant effect of quinpirole was noted in DA-D2RKO vs WT mice, genotypextreatment interaction (F (1, 9) = 11.31; P = 0.0083) and treatment effect (F (1, 9) = 6.75; P = 0.0289) (Bonferroni's: *Po 0.05, ## Po0.01). Conversely, clozapine revealed no effect of the treatment (F (1, 14) = 0.61, P = 0.4464) but a significant genotype difference (F (1,14) = 9.68; P = 0.0067) (Student's t-test: *P o0.05). (c) Representative western blot analyses of AKT1 and NR4A2 levels in the PFC of WT and DA-D2RKO mice chronically treated with quinpirole and (d) quantifications of experiments as shown in (c). Data show that the observed decrease of AKT1 and NR4A2 protein levels in the PFC of DA-D2RKO mice can be rescued upon chronic quinpirole administration to WT levels for AKT1 genotypextreatment interaction (F (1, 19) = 5.78; P = 0.0266) and treatment effect (F (1, 19) = 5.09; P = 0.0360) (Bonferroni's: **Po 0.01, and d). Conversely, chronic clozapine was unable to reverse H3K9me3 (Figure 5b ) or to restore protein expression for AKT1 and NR4A2 ( Supplementary Figure 7) . These results suggest that the PFC phenotype of DA-D2RKO mice is dependent of altered DAmediated regulation of cortical neurons. In this respect, dysfunctional DA signaling has been associated with human neuropsychiatric disorders. 3, 33 DISCUSSION Widespread epigenetic changes have been proposed to underlie alterations in gene expression associated with addiction and complex neuropsychiatric disorders, including schizophrenia. 2, 22, 23 In this article, we present novel findings showing that altered control of DA synthesis and release due to ablation of D2 autoreceptors from dopaminergic neurons during development leads to major changes in the PFC, an area targeted by DA neurons of the mesolimbic pathway. Interestingly, we report a massive downregulation of gene expression affecting~2000 genes in DA-D2RKO PFC; this effect is paralleled by increased levels of the repressive histone mark H3K9me2/3. Gene ontology analyses revealed that a large number of downregulated PFC genes are involved in transcriptional regulation and chromatin remodeling, including the demethylases KDM4b and KDM4c that specifically target H3K9me3 (refs 25, 34) ( Supplementary Table 5 ), as well as genes involved in protein phosphorylation, transport and metabolic processes (Supplementary Table 3 ). Future studies will address whether reduced expression of these proteins is the leading event of the phenotype observed in DA-D2RKO mice. We show that H3K9me repressive chromatin mark in the PFC of DA-D2RKO mice directly targets at least two genes linked to schizophrenia, Akt1 27 and NR4A2. 26 Thus, we establish a direct link between DAergic signaling, chromatin remodeling and the expression of genes implicated in psychiatric disorders. Importantly, we show that exposing mice to chronic treatment with quinpirole reverses histone methylation to normal levels, as reflected by western blot analyses of this modification on the PFC of DA-D2RKO-treated mice as well as on the expression of Akt1 and NR4A2. Our findings might contribute to understanding the limited efficacy of antipsychotics in the treatment of schizophrenia. 3, 4, 9 Indeed, it is tempting to speculate that the use of D2R antagonists, while appropriate to treat symptoms associated with heightened DA signaling in the striatum, are inefficient at improving PFC-linked functions, likely linked to lowered DA stimulation.
The strikingly different expression profile in the vStr of DA-D2RKO mice, where virtually neither transcriptional silencing nor increase in H3K9me3 are present, stresses the specificity of the widespread reprogramming occurring in PFC neurons and underscores the differences between striatal and cortical circuits. Thus, loss of D2 autoreceptors from DAergic neurons generates profound epigenetic modifications in brain areas targeted by DAergic fibers at distal sites. It is tempting to speculate that a similar reprogramming might operate in human psychiatric disorders.
